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by measurement of all four measurable parameters of the carbonate system (total alkalinity, total 23 dissolved inorganic carbon, pH on the total proton scale, and CO2 fugacity) in natural seawater 24 and seawater-derived brines, with a major ion composition equivalent to that Reference Seawater, 25 to practical salinity (SP) 100 and from 25 °C to the freezing point of these solutions and -6 °C 26 temperature minimum. These values, reported in the total proton scale, provide the first such 
Materials and Methods

129
The stoichiometric first ( 
138 139
In the above equations, AC = carbonate alkalinity = [ in the case of pair-forming ionic species).
143
Carbonate alkalinity was determined from the measured AT and pHT as described in Millero SO ) and were kept stored at room temperature in the dark in acid-washed glass media bottles 166 (DURAN) capped (gas-tight) with Teflon-lined screw-caps.
167
The experiments were conducted at zero and below-zero temperatures to very near the 168 freezing point of seawater and seawater-derived brines, as well as at above-zero temperatures to 169 25 °C, in order for our experimental results to span the existing data sets for the stoichiometric 170 equilibrium dissociation constants of carbonic acid in natural seawater and brines for validation.
171
The freezing point (tFP, in °C) of the experimental brines was estimated from the empirical 172 temperature function for the weight-based salinity ( 10 μatm (n = 12). This estimated uncertainty is equivalent to -2 ± 3% relative to the computed 
pH measurement
247
The pHT (total proton scale) was determined spectrophotometrically using purified meta-
248
Cresol Purple (mCP) indicator dye, the salinity and temperature functions of its optical 249 parameters and second stoichiometric equilibrium dissociation constant (on the total proton scale)
250
as determined in the same temperature and salinity ranges as in this study by Loucaides et al.
251
(2017), and the custom-made micro-opto-fluidic Lab-On-Chip (LOC) pH system described in 
304
The CT concentration was determined manometrically in 3 -10 replicate sample aliquots 305 (~10 mL) from the CO2 generated and extracted in vacuo in a glass manifold following reaction 306 of a weighed sample aliquot with H3PO4 and cryogenic CO2 gas distillation in successive cold (- difference between the measured and certified CT of (mean ± 1) +0.7 ± 8.8 μmol kg -1 (n = 111). 
Other measurements
12
The salinity of the experimental solutions was measured at laboratory temperature (~20 ºC) 315 using a portable conductivity meter (WTW Cond 3110) with a WTW Tetracon 325 probe. When 316 salinities exceeded 70, they were determined following gravimetric dilution with distilled water.
317
The initial major ion composition of the brines was determined as follows: (i) with ao, a1, a2, a3, a4, a5 = best-fit parameters (Table 3) CT, and the system is solved for pHT from fCO2 and AT, yielding CT and its speciation. In this 433 case, the fCO2 was set at a constant value computed for 1 atm total pressure as described in 
Results
441
The initial composition of the brines for all major ions ( determinations of the stoichiometric equilibrium dissociation constants of carbonic acid.
450
The measured parameters and the determined stoichiometric equilibrium dissociation 451 constants of carbonic acid (as negative common logarithms, * C 1 pK and * C 2 pK ) are given in Table   452 2, with * C 1 pK and * C 2 pK reported in the total proton scale of the pH measurements. In the narrow 33.14 to 34.04 used in this study (Table 2) , tFP = -1.82°C to -1.87°C (UNESCO, 1983)], the 455 current observations (n = 6) were systematically higher than, but within experimental error from, the values determined by below-zero temperature extrapolation of the best-fit curves on the of the existing oceanographic salinity-temperature functions (Fig. 2) . Specifically, the current 
The stoichiometric equilibrium dissociation constants of carbonic acid
476
It is of note that * C 2 pK changed more dramatically (over 0.4 pK unit) than * C 1 pK (over 0.1 pK 477 unit) as a function of salinity at all temperatures in the current experiments (Fig. 2) . The (Fig. 3) , which is higher than experimental uncertainty. A similar discrepancy trend was 489 observed in the study of the stoichiometric equilibrium solubility product of ikaite in (Fig. 3) . This is in line with the objectives of the recent SCOR Working Group 145 for the 508 update of chemical speciation modelling in seawater (Turner et al., 2016) . significant trends as a function of salinity and temperature (Fig. 4) . These equations are suitable 513 for interpolation within the salinity and temperature ranges of this investigation (33 ≤ SP ≤ 100, -514 6 °C ≤ t ≤ 25 °C), but not outside these ranges, in conservative seawater-derived brines only.
515
Specifically, they are relevant to solutions with the composition of Reference Seawater (Table 1) 516 and the conservative-composition brines that can be derived from it. By altering the free-ion and 
The carbonate system in sea ice
533
The simple numerical model described in Section 2.7 was used to compute the change in pHT, 534 fCO2, and
CO with decreasing temperature from the freezing point of S = 35 seawater to -6 °C 535 (SP = 100) in sea ice brines (Fig. 5) . In brines which are conservative with respect to major ionic range of the simulation (Fig. 5c ). At the temperature minimum of this study and depending on the 554 set of extrapolated oceanographic * C 1 pK and * C 2 pK equations, these differences were calculated to 555 be up to +0.9 pH unit and -6000 μatm fCO2 in the conservative brine CT scenario (Figs. 5a-c) , as 556 well as up to -1300 μmol
CO kg -1 in the non-conservative brine CT scenario (Fig. 5f ). Similar Additional studies are still required to extend the current empirical data base of the equilibrium 582 dissociation constants of carbonic acid to the coldest temperature spectrum of sea ice to the 583 eutectic and, also, to determine the behavior of the remainder weak acids and bases of the 584 carbonate system in the full salinity and temperature spectrum of sea ice brines. 
Conclusions
587
The stoichiometric equilibrium dissociation constants of carbonic acid determined in this 588 study extended the existing oceanographic data set to below-zero temperatures and salinities 589 greater than 50 to the freezing point of salinity 100 brines with major ionic composition and (Table   864 2) as computed using each of the two sets of extrapolated oceanographic 
